SnS 2 nanoflowers (SnS 2 NFs) have been widely used in photoelectric and catalytic applications. However, its explosure and reproductive toxicity is unknown. The aim of this study was to investigate the effect of exposure to 3 different sized-SnS 2 flowers (dose: 38 mg/kg; size: 50, 80, and 200 nm) in testes of mice for 4 weeks by intraperitoneal injection. Though the body weight of mice treated or not with SnS 2 NFs was not different, and SnS 2 NFs were distributed to the organs including liver, kidney, spleen, heart, brain, and testis, more distribution SnS 2 NFs (50 and 80 nm) were found in testicle tissues compared with SnS 2 flowers (200 nm) in those tissues. The results of sperm count and survival analysis, histopathological evaluation, and qRT-PCR detection showed that there was moderate reproductive toxicity induced by the small-sized SnS 2 NFs in testicle tissues. Furthermore, elevated malondialdehyde level and decreased superoxide dismutase activity were also observed in the SnS 2 NFs (dose: 38 mg/kg; size: 50 and 80 nm) treated groups. Likewise, the qRT-PCR data indicated that SnS 2 NFs can induce apoptosis and inflammation responses. Although the pro-inflammation marker of TNF-a, IL-1b, iNOS, and COX-2 at the mRNA levels were higher expression in 50 and 80 nm groups than that in control and 200 nm group, no statistical significance existed between 50 and 80 nm groups. Accordingly, the repeated-dose toxicity of SnS 2 NFs in testicle tissues was also observed in a dose-dependent manner by intraperitoneal injection of SnS 2 NFs (size: 50 nm; 0.38, 3.8, and 38 mg/kg) for 4 weeks, when determined by sperm count, survival rate, and qRT-PCR analysis. In addition, transmission electron microscopy showed that the ultrastructural abnormalities formed by the small-sized SnS 2 NFs in testes were more severe than those formed by the large-sized SnS 2 in testes. Taken together, these findings implied that the SnS 2 NFs activated inflammation responses that signified apoptosis in murine testes. This study provided useful information for risk analysis and regulation of SnS 2 NFs by administration agencies.
Recently, Tin sulfide nanoflowers (SnS 2 NFs) are important semiconductor materials, being widely used in photoelectric catalysis, photoelectric conversion, manufacturing of photosensitive components, optical devices, and so on. However, owing to its substantial technological applications, SnS 2 NFs could be associated with male reproductive toxicity in experimental animals. In addition, although some reports have demonstrated that the tin element alone is of low toxicity, animal studies have suggested that testicle problems occur when materials is present at the size of nanoscale, which may imply some adverse health effects of SnS 2 NFs exposure (Attia 2014) . Furthermore, the size of nanoparticles could influence cell uptake, which induce different effect in biological system (Kuang et al. 2016) .
At present, whether SnS 2 NFs can cause human health hazard as well as the potential underlying mechanism is still not clear. And the testicular injury induced by different sizes of SnS 2 flowers in vivo was scarcely studied. Thus, this study is an attempt to investigate the effect of size of SnS 2 flowers on testicular toxicity in mice, with the intention of providing new insights toward understanding the mechanism of the biological impacts of SnS 2 flowers.
MATERIALS AND METHODS
Chemicals. Three different sizes of SnS 2 flowers (the diameters were 50, 80, and 200 nm) with high purity were provided by the Department of Applied Physics, Tianjin Key Laboratory of Low Dimensional Materials Physics and Preparing Technology, Faculty of Science, Tianjin University.
SnS 2 flowers were synthesized by a 1-step hydrothermal growth reaction. All the chemicals used in this experiment were of analytical grade without further purification.
Firstly, 5-ml Triton X-100 was dropped into 65-ml de-ionized water to get a uniform solution. Then, 0.005 mol SnCl 4 Á5H 2 O and 0.02 mol thiourea were added into the above solution. After being stirred at room-temperature for 30 min, the solution was put into a 100-ml Teflon-lined stainless-steel autoclave, sealed, and heated at 160 C for 48 h. The resulting precipitates were centrifugally separated and washed by de-ionized water and absolute alcohol for several times. Finally, yellow SnS 2 flowers (diameter of particles was 200 nm) were obtained by drying the final products in vacuum at 50 C for 150 min. The other 2 sizes of SnS 2
NFs (diameters of particles were 80 and 50 nm) were obtained with the same method, but the temperature of heated for 48 h were 180 C and 200 C, respectively.
Pure SnCl 4 Á5H 2 O was purchased from Tianjin Superstar st source Chemistry Technological Co, Ltd (Tianjin, China). Triton X-100 was purchased from Shanghai Yiteng Biological Science and Technology Co, Ltd (Shanghai, China). Pure ethanol amine was purchased from Shanghai Mindray Chemistry Technology Co, Ltd (Shanghai, China). Chemicals were all guaranteed reagents. All other chemical reagents were of analytical grade from standard commercial suppliers or as indicated in the specified methods.
Characterization of SnS 2 NFs. The structure and morphology of the nanoflowers were examined by scanning electron microscope (SEM).The sizes of SnS 2 NFs were verified using a transmission electron microscope (TEM), and the size distribution was measured using the Image J software (National Institutes of Health). The hydrodynamic sizes and zeta potential of SnS 2 NFs were examined using a Zetasizer (Malvern Nano-ZS90, Britain). The mean particle diameter is calculated by the software from the particle distributions measured, and the polydispersity index (PdI) given is a measure of the size ranges present in the solution. The PdI scale ranges from 0 to 1, with 0 being monodisperse and 1 being polydisperse. The software calculates the PdI value from the G1 correlation function and from parameters defined in the ISO standard document 13321: 1996 E. Suspensions of SnS 2 NFs were dispersed using a sonicator (160 W, 20 To test whether SnS 2 NFs could induce reproductive toxicology, we used administration of intraperitoneal injection as previously described (Attia 2014; Zhang et al. 2015) . After 1-week acclimation, animals were weight-ranked and assigned randomly into 7 groups as follows: Male mice were intraperitoneal injected with SnS 2 flowers of 50, 80, and 200 nm in a 38 mg/kg dose for 4 weeks (10 mice per group), respectively, for sizedifferent toxicity tests. Male mice were also treated with SnS 2 NFs (size: 50 nm, dose: 0.38, 3.8, and 38 mg/kg) by intraperitoneal injection for 4 weeks (10 mice per group) for repeated-dose toxicity test. The control group was treated with de-ionized water without SnS 2 flowers, which was prepared by the same process to prepare SnS 2 flowers suspension. Exposure of injection 6 times a week, continued for 4 weeks. After the last time, all mice were sacrificed within 24 h. Testes were immediately isolated and weighted. One part of the right testis was fixed in Bouin's solution for histopathological and immunohistochemical analysis or TUNEL staining, whereas the left testis was frozen immediately in liquid nitrogen and stored at À80 C for RNA isolation and protein extraction.
The content of tin in various parts of the body. Tissue samples including liver, kidney, spleen, heart, brain, testicle (each for 0.1 g), and 1.0 ml whole blood were taken from SnS 2 NFs-treated mice and control in each group, then digested and analyzed for tin content. 7500 type inductively coupled plasma-mass spectrometry (ICP-MS, Agilent, Santa Clara) was used to analyze the tin concentration in the samples. The working conditions of ICP-MS were as follows: emission power, 1420 W; frequency, 27.12; atomization pressure, 32Ibf/in2; auxiliary gas flow, 1.08 l/ min; injection speed, 1.85 ml/min; dilute nitricacid (2%) flushing time, 1 min; and ultrapure water flushing time, 1 min.
Sperm count and survival rate analysis. The sperm count and survival rate was measured using a procedure we previously developed (Jia et al. 2014) . Epididymis was removed from the mice and carefully weighted before rapidly immersed into a dish containing 1 ml 0.9% saline solution (pre-heated at 37 C for at least 30 min). After that, epididymides were cut into small pieces to allow the release of sperm cells into the saline solution, with the tissues removed, and sperm suspension collected. A 10-ml sample of sperm suspension was analyzed to determine the number of sperm cells using a hemocytometer with standard cytometry. The sperm count was recorded by the unit of 10 6 /ml. Another 10 ml suspension was uniformly smeared on a glass slide and airdried. The smeared slides were fixed in methanol and then stained with eosin. According to these characteristic of live and dead sperms (The dead sperms were dyed as the red color, and the living sperms were not easy to be stained by eosin), live sperm, and total sperm cells were evaluated on microscope with 400Â magnification. About 500 sperm cells were examined in each slide. The survival rates (live/total ratio) were calculated by percentage.
H&E staining for morphological analysis. The fixed testis tissues were processed using standard laboratory procedures for histology. Briefly, the tissues were embedded in paraffin blocks, deparaffinized in dimethylbenzene, hydrated in gradient ethanol, and rinsed with distilled water, and sectioned perpendicular to the longest axis of the testis at a 4-mm thickness. The consecutive sections were stained with hematoxylin-eosin (HE) for light microscopic examination.
TUNEL assay for determining apoptotic rates. Testis tissues processing for apoptosis-related DNA strand breaks analysis were also evaluated by Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay using the In situ Cell Death Detection kit, POD (Roche Diagnostics, Shanghai, China) according to the manufacturer's instructions. Briefly, the 4-mm paraffin tissue sections were deparaffinized, hydrated, and treated with proteinase K (Roche Diagnostics) for 15 min at 37 C, in a humidifying chamber. The endogen peroxidase was blocked for 15 min in 3% H 2 O 2 in methanol at room temperature (Roche Diagnostics). Thereafter, sections completely rinsed in phosphate-buffered saline (PBS) were incubated with TUNEL reaction mixture (terminal deoxynucleotidyl transferase and labeled nucleotide mixture) for 60 min at 37 C in a humidified atmosphere in the dark. After each step the tissue sections were rinsed twice, 5 min each. They were then incubated with converter-POD (anti-fluorescein conjugated with horse-radish peroxidase) for 30 min at 37 C and counterstained with hematoxilin, dehydrated, and mounted for light microscopy (Olympus, Japan). Cells containing fragmented nuclear chromatin characteristic of apoptosis would exhibit a brown nuclear stain. Sections were viewed under bright field at a magnification of Â 400, and scored by an observer blinded to the treatment groups. For each testicular cross-section, 100 randomly selected tubules were counted. The number of TUNEL-positive germ cells per seminiferous tubule and the percentages of the number of seminiferous tubules containing TUNEL positive germ cells were analyzed. Three sections were analyzed for each sample.
Caspase-3 staining. Testicular tissue sections were blocked in 5% normal goat serum at room temperature for 10 min, and incubated with rabbit anti-Caspase-3 antibody (1:100) at 4 C overnight. After being rinsed with PBS, the sections were incubated with FITC-tagged goat anti-rabbit secondary antibody (1:200) at room temperature for 2 h. Subsequently, the sections were mounted with 50% glycerol and analyzed under laser scanning confocal microscope. PBS was used instead of antibodies in the control sections.
Testicular tissues ultrastructure observation and aggregate and bioaccumulate in scrotal tissue by transmission electron microscopy analysis. Testicular and scrotal adipose tissues was fixed in 2.5% glutaraldehyde phosphate for 2 h at room temperature, cut into small pieces, washed with 0.1 M phosphate buffer (pH 7.3), postfixed for 2 h in 1% osmium tetroxide (OsO 4 ), dehydrated with an ascending graded alcohol and acetone series, immersed in acetone and Epon 812 mixture for 2 h and then in Epon 812 alone for 2 h, and finally embedded in Epon 812 for 10 h at 80 C. Serial ultrathin sections (50 nm) were collected on copper grids and stained with 1% uranyl acetate followed by lead citrate for 10 min. After drying, the ultrastructural features of seminiferous tubule were viewed on a transmission electron microscope (TEM) (FEI Tecnai G212, Phillips, Holland). Three mice were randomly selected from each treatment group for ultrastructure evaluation.
Measurement of malondialdehyde level and superoxide dismutase activity in testis homogenates. To evaluate the oxidative stress caused by SnS 2 flowers, the lipid peroxidation product malondialdehyde (MDA) and the antioxidant enzyme superoxide dismutase (SOD) generated in testis were measured using the commercial assay kit (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). In brief, testis samples were thawed, weighed, and homogenized in 0.9% saline. The homogenates were centrifuged at 3000 Âg at 4 C for 10 min, and then the supernatant was harvested for biochemical assays. MDA content was determined by measuring the levels of thiobarbituric acid reactive substances (TBARS) at 532 nm and expressed as nmol per milligram protein (nmol/mg prot). SOD activity was determined by inhibition of nitroblue tetrazolium reduction because of superoxide anion generation by xanthine-xanthine oxidase system and expressed as units per milligram protein (units/mg prot). One unit of SOD activity was defined as the amount that reduced the absorbance at 550 nm by 50%. Total protein concentration in testis homogenates was determined using the bicinchoninic acid (BCA) Protein Assay Kit (Boster Biological Technology, Wuhan, China). All the data were normalized to protein concentration. All assays were conducted in triplicates, and the mean concentration was calculated.
Immunohistochemistry. The procedures were conducted according to the standard protocol recommended for the immunohistochemistry kit. After deparaffinization and rehydration, sections were incubated separately using a rabbit anti-CD68 monoclonal antibody (1:200, Bioss Biotechnology, Inc, Beijing, China), NF-jB, and Bax polyclonal antibody (1:200, Bioss Biotechnology, Inc) for 3 h at 37 C, and washed 3 times in PBS.
Next, biotin-labeled anti-rabbit secondary antibody (Boster Bioengineering Co, Ltd, Wuhan, China) was added and the mixture was incubated for 20 min at 37 C. The specificity of the antibodies was tested, omitting the primary antibodies as a negative control. After washing in PBS, tissues were visualized with diaminobenzidine (DAB) and counterstained with hematoxylin. After dip in xylene, the sections were mounted under coverslips for an upright microscope (model: BX51, OLYMPUS of Japan); 10 visual fields per slide, and 6 sections per male mice were selected randomly for analysis. Cells that contained yellow or brown yellow granules were defined as the positive cells, whereas cells without yellow or brown yellow granules were defined as negative. Optical densities of the positive cells from every viewing were measured by Image-Pro Plus Version 5.1 micrograph analysis software (made in Media Cybernetics Inc of America).
Quantitative real-time PCR. Total RNA in the testis was extracted by TRIzol (Invitrogen, Carlsbad, California), according to the manufacturer's instructions. The quality and quantity of the RNA preps were determined by gel electrophoresis and a Nanodrop ND-2000 spectrophotometer (Nanodrop Technologies). The mRNA expressions of TNF-a, IL-1b, iNOS, COX-2, DDx3Y, E1F1AY, Cyp19a1, anti-Mullerian hormone (AMH), and Cx43 genes were determined by real-time reverse transcription-PCR (qRT-PCR). Specific primers were designed by Primer 5.0 software and were synthesized by Beijing AuGCT Biotechnology Co (Beijing, China). The primer sequences for PCR analysis are shown in Table 1. qRTPCR of mRNAs was performed using Platinum SYBR Green qPCR Super Mix UDG Kit (Invitrogen), and real-time PCR experiments were carried on a ABI 7500 FAST system (Life Technologies). Relative amount of transcripts was normalized with b-Actin and calculated using the 2
ÀDDCt formula as previously described (Ma et al. 2017) . PCR was performed under the following thermocycling conditions: an initial reverse transcription step for 15 min at 37 C and 40 cycles at 95 C for 5 s, 61 C for 15 s, and 72 C for 6 s. The reaction was then subjected to a melting protocol from 55 C to 95 C with a 0.2 C step and 1 s holding at each step to verify the specificity of the amplified products.
Western-blotting analysis. Testis tissue extracts were obtained by homogenizing sample in RIPA Buffer (Beyotime, Shanghai, China) supplemented with a protease inhibitor PMSF for 10 min. The homogenates were placed on ice for about 1 h and then centrifuged at 10 000 Âg for 10 min at 4 C. The protein concentrations in the supernatant were determined using the BCA Protein Assay Kit (Boster Biological Technology). Each sample containing 50 mg protein was electrophoretically resolved on 8%-10% SDS-polyacrylamide gels, and then transferred to polyvinylidine difluoride membranes (PVDF, Pall, Gelman Laboratory). The membranes were first blocked with 5% non-fat milk in tris-buffered saline (TBS) containing 0.1% Tween-20 (TBST) for 1 h at RT and then incubated with specific primary antibodies: rabbit polyclonal anti-rat p65 (1:1000; Proteintech Group, Inc, Chicago, Illinois), rabbit anti-mouse TGF-b3 polyclonal antibody (1:2000), and mouse anti-rat b-actin (1:4000; Sungene Biotech, Tianjing, China) overnight at 4 C, washed 3 times with TBST for 10 min, and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG or goat anti-mouse 
RESULTS

Characterization of SnS 2 NFs
To examine the morphology and structure of the synthesized samples, the SEM measurement has been done. Figure 1A is the high-magnification SEM image of SnS 2 sample, which clearly reveals that it exhibits flowerlike structures with diameters of 50, 80, and 200 nm. Each flowerlike structure consists of tens of nanosheets, which act as building blocks. These nanosheets are connected to each other to bulid 3D flowerlike structure. The TEM images of SnS 2 NFs indicated that the particles were flake in shape. The average diameter was calculated by measuring the particles in random fields of the TEM field of view and from images showing the general morphology of the nanoparticles. Figure 1Ba shows that the nanosheets were between 5 and 25 nm in size, with an average size of 19.1 6 6.5 nm. Figure 1Ca shows the nanosheets with an average size of 22.5 6 5.8 nm. Figure 1Da shows the nanosheets with an average size of 30.9 6 9.3 nm. TEM of adipose tissue sections containing the black dots revealed aggregates of SnS 2 NFs (Figure 1Bb , Cb, and Db), comparable to those detected in the SnS 2 NFs solution that was injected (Figure 1Ba , Ca, and Da). This TEM finding indicates that SnS 2 NFs are transported from the peritoneal cavity to the scrotum where they bioaccumulate or aggregate around testicular and epididymal tissues. Figure 1E inset shows a typical HRTEM image of SnS 2 nanoflakes with 0.2-ml Triton X-100.The fringes can be observed with alattice spacing of 0.315 nm, which is corresponding well with the d-spacing of {100} planes of SnS 2 crystal. Figure 1F exhibits the photograph of the SnS 2 nanoflowers dispersed in physiological saline.
Using the measurements obtained, sizes were binned into size ranges and calculations were made for mean surface area (699 nm 2 /particle) and mean volume (668 nm 3 /particle) ( Table 2 ). To understand the state of dispersion of the particles when placed into deionized water (DI H 2 O) and PBS, the 50-nm SnS 2 NFs nanoparticles sample was analyzed by dynamic light scattering (DLS) and laser doppler velocimetry (LDV). DLS results showed agglomeration of the 50-nm SnS 2 NFs 2 times greater than their primary particle size at 116 nm in DI H 2 O and 4 times nearly their primary size at 192 nm in PBS (Table 3) . Also, in Table 3 , the LDV results showed the 50-nm SnS 2 NFs had a zeta potential value of À33.2 mV. A solution is considered stable if the zeta potential value is more negative than À30 mV or more positive than þ30 mV (Murdock et al. 2008 ). The body weight gradually increased in the 4 groups. The body weights of mice were compared among 4 groups, and the differences were not statistically significance (Figure 2A ) (p > .05). The control testes showed normal histological features, characterized by well-organized distribution of cells in the seminiferous epithelium, including the outermost layer of spermatogonia and Sertoli cells, the middle layer of spermatocytes, and the innermost layer of sperm cells, suggestive of normal spermatogenesis (Figure 2Ba ). In the 200-nm SnS 2 NFs-treated group, similar to the control, no signs of gross morphological changes were found in the testes (Figure 2Bd ). However, a moderate intertubular edema and a mild interstitial infiltration of inflammatory cells were observed in testes of mice treated with 50 and 80 nm SnS 2 NFs (Figure 2Bb and c) .
The Tin Contents in Whole Blood and Testes
After intraperitoneal injection of 3 different sized SnS 2 flowers (dose: 38 mg/kg, sizes: 50, 80, and 200 nm) and 3 different doses of SnS 2 NFs (size: 50 nm, doses: 0.38, 3.8, and 38 mg/kg) for 4 consecutive weeks, organs (liver, kidney, spleen, heart, brain, and testis) especially in the testis and the whole blood were extracted and lysed with nitric acid for tin measurement. As shown in Table 4 , compared with control group and 200 nm group, the tin levels in blood and testicle were significantly higher in SnS 2 NFs treated groups (p < .01). The tin contents in the whole blood and testicle of 50 and 80 nm groups were significantly >200 nm group (p < .05). Tin was detected in control group and in the group treated with 200 nm SnS 2 NFs. However, it was found that tin was significantly accumulated in the groups treated with small-sized SnS 2 NFs (50 and 80 nm).
Sperm Count and Survival Percentages
As shown in Figure 3A and B, sperm count and sperm survival percentages of the mice in the 50 and 80 nm groups were mildly decreased (p < .05), but no statistical significance was attained in the 200 nm group compared with the controls (p > .05). Figure  3C and D showed the sperm count and sperm survival percentages after injection of 0.38, 3.8, and 38 mg/kg doses of 50 nm SnS 2 NFs, 38 mg/kg group were mildly decreased (p < .05), but no statistical significance was attained in the 0.38 and 3.8 mg/kg groups (p > .05) compared with the controls.
Effects of SnS 2 NFs on Gene Expression in the Mouse Testes
To further investigate the cause of changes in testicular histology and sperm quality in SnS 2 NF-treated mice, we performed The experiments showed that the mRNA expression of DDx3Y and E1F1AY on sperm quality were up-regulated in the SnS 2 NFtreated groups. However, these 2 genes were no obvious change in the 200 nm group ( Figure 4A and B) . Furthermore, we examined the mRNA levels of the steroid hormone synthesis enzyme gene Cyp19a1 and anti-Mullerian hormone enzyme gene AMH. As shown in Figure 4C and D, The expression of Cyp19a1 and AMH were induced in the SnS 2 NF-treated group, whereas no obvious change in expression was observed in the 200 nm group. Similarly, the expression pattern of the tight junction protein Cx43 and Claudin-11 genes was similar to those 2 genes ( Figure 4E and F) . Because AMH is a homodimeric glycoprotein of the transforming growth factor-b superfamily (Garcia et al. 2015) , and TGF-b3 plays important roles in BTB permeability (Luo Y et al. 2013) , we determined whether TGF-b3 expression was altered in response to SnS 2 NFs. As shown in Figure 4G , the expression of TGF-b3 was also significantly increased in the SnS 2 NFs treated groups, but 200 nm SnS 2 did not significantly affect its expression.
When mice were treated with SnS 2 NFs (size: 50 nm, doses: 0.38 mg/kg, 3.8 mg/kg, and 38 mg/kg) by intraperitoneal injection for 4 weeks, the results of qRT-PCR show that the mRNA expression of BTB-related genes were dose-dependently changed. In the treated group with 38 mg/kg SnS 2 NPs, the mRNA expression of E1F1AY was progressively increased with concentration of SnS 2 NFs ( Figure 5A and B) . Reversely, the mRNA expression of AMH was significantly decreased compared with control group (p < .05) ( Figure 5C and D) . Likewise, the mRNA expressions of Cx43 and Claudin-11 were obviously increased compared with control group (p < .01) ( Figure 5E and F) . Interestingly, the mRNA expressions of BTB-related genes had no significant change in the groups treated with 3.8 and 0.38 mg/kg compared with that in control group.
Correspondingly, the results of Western blot detection showed that TGF-b3 expression was significantly increased in testes of mice treated with 38 mg/kg SnS 2 NFs compared with those in the 0.38, 3.8 mg/kg groups and control group (p < .05), whereas there were no significant difference among the 0.38, 3.8 mg/kg groups, and control group ( Figure 5G ). Taken together, these data demonstrate that SnS 2 NFs (size: 50 and 80 nm; dose: 38 mg/kg) could affect the BTB relevant genes changed in mouse testes.
Effects of SnS 2 NFs on Testicular Ultrastructure
To further validate that SnS 2 NFs induced testicular tissue injury owing to smaller sized SnS 2 NFs could easily penetrate blood-testis barrier, we performed in situ TEM analysis of SnS 2 NF-injured testicular ultrastructure. Although there was a normal cell population typically localized in the seminiferous tubules and no morphological changes were discovered in the testes of control mice ( Figure 6A) , and in the testes of 200 nm SnS 2 flowers exposed mice, similar to the controls, no obvious changes were observed ( Figure 6B) , vacuolation of the seminiferous epithelium and were common in affected tubules, especially near the rete, revealing a breakdown in Sertoli-germ cell junctions as a result of SnS 2 NFs exposure in the 50 and 80 nm groups ( Figure 6C and D) . Similar vacuolar changes were also seen in the mitochondria. Meanwhile, increase of lysosomes also appeared in the cells of testes treated with 50 and 80 nm SnS 2 NFs. These results demonstrated that the nanosize of SnS 2 is required for penetrating blood-testis barrier and inducing testicular tissue injury.
Effects of SnS 2 on MDA Level and SOD Activity in Testes
Because oxidative stress is closely associated with nanoparticles injury and is an important cause of apoptotic cell death, thus the oxidative stress was evaluated by detecting the MDA level and SOD activity in testes. As a lipid peroxidation marker, the MDA levels in the SnS 2 NFs groups were mildly elevated (p < .05) ( Figure 7A) . Further, the enzymatic activities of SOD, as a frontline of antioxidant defense, were mildly reduced in all the SnS 2 NFs-treated groups relative to the corresponding control group (p < .05) ( Figure 7B ).
Effects of SnS 2 Flowers on Germ Cells Apoptosis
Apoptotic cells in seminiferous tubules were identified using TUNEL assay. The results revealed that only very few TUNELpositive cells were detected in seminiferous tubules of mice from the control group, indicating basal levels of germ cell apoptosis. In the 200-nm SnS 2 flowers-treated group, similar to the control, very few TUNEL-positive cells were detected in seminiferous tubules of mice. On the contrary, the TUNEL-positive cells were moderately increased in testes of mice treated with SnS 2 NFs as compared with that in the control (p < .05) ( Figure 7C) . Correspondingly, the number of TUNEL-positive cells and the percentage of tubules with TUNEL positive cells were mildly higher than that of the control, respectively ( Figure 7D ).
Apoptotic cells in seminiferous tubules were also identified through immunohistochemical staining of Bax ( Figure 7E and F) . Examination of the images revealed that only very few apoptotic cells were detected in seminiferous tubules of mice from the control group, indicating basal levels of testicular cell apoptosis. In the 200-nm SnS 2 flowers-treated group, similar to the control, very few Bax-positive cells were detected in seminiferous tubules of mice. On the contrary, the apoptotic cells were mildly increased in seminiferous tubules of mice treated with 50 and 80 nm SnS 2 NFs as compared with control, which should to be relevant to SnS 2 NFs, and the results were consistent with the TUNEL assay.
The expression of Caspase-3 in the testicular tissue of mice was shown in Figure 7G and H. The fluorescence intensity of Caspase-3 expression in control, 50, 80, and 200 nm groups were 4.20 6 0.61, 6.35 6 0.71, 6.45 6 0.60, and 4.50 6 0.80, respectively. The intensity in SnS 2 NFs treated groups was mildly higher than control and 200 nm groups (p < .05). In response to the SnS 2 flowers exposure, the changes of Caspase-3 expression profiling in the testis tissues of mice showed a similar trend to that obtained by TUNEL assays.
Effects of SnS 2 Flowers on Testicular Inflammation
To further investigate whether SnS 2 flowers causes inflammation in testicular tissue, the infiltration of CD68 þ cells and the mRNA expression levels of inflammatory genes were also determined. The results of immunohistochemistry showed very mild immunostaining of CD68 in testes of the control and 200 nm group whereas the testes of all the animals treated with 50 and 80 nm SnS 2 NFs exhibited moderate intense immunestaining of CD68, which that agreed with the results of HE ( Figure 8A and B).The expressions of TNF-a, a key inflammatory cytokine, were moderately increased in the testes of mice treated with SnS 2 NFs compared with the control and 200 nm groups (p < .05) ( Figure 8C ). Accordingly, another vital inflammatory cytokine IL-1b was demonstrated with a similar expression, despite that no significant alteration was observed in its expression in the 50 nm group compared with 80 nm group ( Figure 8D ). In addition, the gene expression levels of inflammatory enzymes, including iNOS and COX-2, were moderately up-regulated in the testes of mice in all the SnS 2 NFs-treated groups (p < .05) ( Figure 8E and F).
As the transcription factor NF-jB plays a critical role in the development of inflammatory response by regulating the expressions of inflammation-associated genes as above at the transcriptional level, the protein expression and immunohistochemical examination of NF-jB were also performed, with an antibody to the activated p65 subunit. In comparison with the control group, p65 expressions were mildly elevated in the SnS 2 NFs groups (p < .05) ( Figure 8G ). Consistently, immunohistochemical results also showed that there was intense staining of p65 in nuclei, and to a lesser degree in the cytoplasm in the testes of mice after treatment with SnS 2 NFs. In contrast, these alterations were occasionally observed in the testes from the control group ( Figure 8H ). These findings provide evidence of inflammation occurring in testicular tissues, which could be a consequence of NF-jB activation. 
DISCUSSION
It is known that toxicity of nanoparticles depends on many factors including chemical composition, size, shape, solubility, and surface characteristics. Although SnS 2 NFs have been widely applied in consumer products, robust toxicological evaluation is an urgent issue. It was previously reported that small-sized particles have a greater active surface area than the large-sized particles and they are more active to exert biological or toxicological responses (Johnston et al. 2010) . In this study, we have focused on the effects of SnS 2 flowers size (50, 80, and 200 nm) on the morphology, inflammation, and apoptosis of testicular cells and the role played by NF-jB in increased inflammation induced by continuous intraperitoneal injection in mice as previously reported. The result showed that although it seemed to be more efficient for the small-sized SnS 2 NFs (50 and 80 nm) to translocate into blood system and to be accumulated in testicle than the large-sized SnS 2 flowers (200 nm), small-sized SnS 2 NFs have aggressive effects on exerting testicular toxicity or inflammatory responses by repeated intraperitoneal injection in male mice, but the groups between 50 and 80 nm were of no statistical significance.
The body weight has been used to evaluate the adverse effects of drugs and chemicals (Almança et al. 2011 ). In present study, for male mice, no significant difference was observed in the growth of body weight during the SnS 2 flowers treatment period compared with the control group. All mice showed a steady increase in growth pattern with respect to its increase in age.
High sperm quality is critical for the success of fertilization. A normal spermatogenesis process and an intact testicular structure usually indicate a high quality of sperm. This study aims to investigate possible mechanisms of male reproductive toxicity induced by continuous intraperitoneal injection with different sized SnS 2 flowers in mice. The results showed that SnS 2 NFs exposure has mild effects on sperm count and sperm survival percentages or testicular morphology in mice than the large-sized SnS 2 flowers (200 nm), but the groups between 50 and 80 nm were of no statistical significance.
Previous studies in rats have suggested that some nanoparticles induced spermatotoxicity, oxidative stress, and changes in testes histopathology (Hassanein and El-Amir 2017) . Our results indicated that although SnS 2 NFs exposure could induce oxidative stress leading to increased MDA level and decreased SOD activity in testis, histopathological examination at the light microscopy level revealed subtle structural changes including a slightly disordered arrangement of tube spermatogenic cells and a slightly decreased number of sperm in some seminiferous Studies have revealed that nanoparticles can stimulate various biological responses regarding DNA fragmentation, morphology and apoptosis, and inflammation in vitro and in vivo (Foldbjerg et al. 2011; Kawata et al. 2009; Miura and Shinohara 2009; Park et al. 2010; Rezvanfar et al. 2013; Samberg et al. 2010; Zhu et al. 2010) , and the TUNEL technique is appropriate in determining the target cell mass in germ cell degeneration (Luo et al. 2013; Suzuki et al. 2013 ). Thus, we used the TUNEL technique to evaluate whether apoptosis was associated with SnS 2 flowers size and to identify DNA fragmentation and inflammation in vivo. According to our results, apoptotic index was higher in spermatogenic cells in SnS 2 NFs-treated groups compared with A, Immunohistochemical staining of CD68 (brown) in testicle tissues at Â400 magnification. Testicular infiltration of CD68 cells (macrophages) was moderately higher in the SnS2 flowers groups compared with control group. B, Histogram showing percentages of the number of testis tissues containing CD68 cells (macrophages). The data are presented as the mean 6 SD for 10 mice per group. *p < .05 versus control. C-F, Effects of SnS 2 flowers on mRNA expression of the inflammatory cytokines TNF-a and IL-1b, or enzymes iNOS and COX-2 in testes. G, Effects of SnS 2 flowers on protein expression of the transcription factor NF-jB. Exposure of mice to SnS 2 NFs mildly up-regulated the protein levels of activated p65 subunit in the 50 and 80 nm groups. H, Immunohistochemical staining of NF-jB p65 (brown) in testis tissues at Â400 magnification. Intense nuclei staining were detected in the testes of mice under SnS2 NFs exposure at the same dosages as above, inactive of its activation. H, Histogram showing percentages of testis tissues containing NF-jB cells. The data was presented as the mean 6 SD for 10 mice per group. *p < .05 versus control.
control and 200 nm groups. Although TUNELþ cell involvement induced by SnS 2 NFs was seen in spermatogenic cells, it was not found in the spermatogonia and irrelated to SnS 2 NFs size.
After being exposed to SnS 2 flowers in different sizes, slight inflammatory responses were observed in testicle tissues by Western-blotting analysis and immunohistochemistry. It seemed that the inflammatory responses are too week in testicle to impair the spermatogenesis capacity of testicle. Toxicity of nanoparticles is manifested by inflammation resulting from oxidative stress (Carlson et al. 2008; Folkmann et al. 2009; Park et al. 2009; Su et al. 2009; Zhang et al. 2013) . Although infiltrated macrophage-derived TNF-a expressions were all increased in testicle tissues of SnS 2 NFs-treated groups, the antiinflammatory cytokine IL-10 has also been linked with an increased TNF-a expressions. Similarly, we found that treatment with SnS 2 NFs resulted in the upregulation of Bax, which was accompanied by anti-apoptotic factor Bcl-2 increasing. These results suggested that repeated exposure to SnS 2 NFs may cause a slight inflammation response in testis, which was a physiological response and adapting mechanism for alien invasion.
CONCLUSION
Repeated exposure to high-dose (38 mg/kg BW) SnS 2 NFs resulted in BTB related genes changes, moderate oxidative stress, apoptosis, and inflammatory responses in testicle tissue. However, repeated low doses (0.38 and 3.8 mg/kg BW) of SnS 2 NFs had no significant reproductive toxicity. Hence, SnS 2 NFs may hold great promise for application in scientific and industrial areas. To have a better understanding of the mechanism of the SnS 2 NFs toxicity in the testis, further studies involving different administrations and medium-to long-term must be assessed as well.
